In this paper, balanced dual segment cylindrical dielectric antennas (CDRA) with ultra wide-band operation are reported. First a T-shaped slot and L-shaped microstrip feeding line are suggested to furnish a balanced coupling mechanism for feeding two DRAs.
Introduction
Ultra-wideband (UWB) antennas are key devices in many systems, such as broadband wireless communications, electronic warfare, medical imaging and radar systems. They offer many desirable features, at the same time often requiring only a simple RF front-end [1, 2] .
Generally, an UWB antenna has a broad frequency range (f h ⁄f l ) > 1.22, where f h is the upperfrequency edge and f l is the lower frequency edge. However, the details depend on system requirements and the centre frequency of the band [2] . UWB antenna designs can be grouped into four main types. The first type has scaled structures such as Bow-Tie dipoles, biconical dipoles and log-periodic dipole arrays, while the second group is characterized by selfcomplementary structures featuring slot/patch combinations or spiral antennas; a traveling wave structure is utilized in the third type, as in Vivaldi antennas, and the last type features structures having multiple reflections (or resonances), and dielectric resonator antennas [3] [4] .
Based on the feed configuration, antennas can be categorized as balanced and unbalanced. In an unbalanced antenna, the ground plane is used as part of the radiator, with radiating currents induced on both the ground plane and the radiating element. This situation degrades the antenna's radiation characteristics and introduces losses and uncertainty in its matching.
Alternatively, balanced structures can avoid this degradation in performance. In a balanced structure, currents mutually cancel their effects, with net current flowing only on the antenna radiating element and not on the ground plane, so that the performance of the antenna is not compromised [5] .
Dielectric Resonator Antennas (DRAs) have been extensively studied owing to their numerous advantages such as high radiation efficiency, low weight, and small size resulting from the high permittivity of their constructing material. DRAs can be excited by various IET Microw. Antennas Propag., 2015, pp. 1-9. ISSN 1751-8725; doi: 10.1049/iet-map.2015.0221
feeding methods, such as slot, coaxial feed, microstrip line and coplanar lines [6, 7] . The DR feed line geometry has been utilized for the extension of the antenna bandwidth [8] . Other techniques to achieve UWB operation employ monopole geometries, composite DRAs using composite shapes and/or composite materials, modified ground plane shapes and use of defected ground planes [9, 10, 11, 12] . The use of dual segments of different dielectric constant fed by the same line has improved bandwidths [6, 13] . Moreover, it has been shown recently that dual similar dielectric resonators (DRs) placed asymmetrically with respect to the feeding aperture can bring an increase in bandwidth as well as more design flexibility [14, 15] . This paper introduces two designs of balanced dual-segment cylindrical DRAs for UWB applications, whose principal novelty is that they eliminate the need for a balanced feed network, i.e. a balun, as the requirements for a balanced feed and twin excitations for the two DR's are met in a single compact structure. The structure combine an inverted-T slot with two inverted-L strips to form a dipole whose arms excite the two DR's. The balanced arms, which are coupled to the dual DR elements of the antenna, are fed through a slot which is excited by an L-shaped microstrip line. As a result of the symmetric geometry, induced currents appearing on the ground plane will largely cancel mutually, minimizing net current flow on the antenna ground plane. The characteristics of these balanced antennas are analysed and optimized using the CST microwave studio suite, an electromagnetic simulator based on the finite integration technique [16] .
Antenna Geometry
The geometry of the proposed DRA antenna is shown in Figure 1 
This printed dipole is not adequately thin (L D / W f1 ≤10), and thus its resonance can be considered to occur at 0.45 effective wavelength. It can be shown that the dipole resonates at a frequency f r1 given by:
where ε re is the effective relative permittivity of the substrate. Using Equations 3 and 4, the resonance frequency f r2 can be given by:
The resonant frequency of an isolated DR cylinder is calculated as [18] : This section reports a study to investigate how various parameters influence the response of the proposed antenna. The antenna structure was analyzed and optimized using Computer Simulation Technology (CST) microwave studio suite TM 2011. The analysis was carried out by varying one parameter while holding the remaining ones fixed. The optimized dimensions are presented in Table 1 . The investigations start with the effect of the T-slot parameters then proceed to explore the effects of the dimensions of the two inverted L-sections. The influence of the horizontal slot length s l on the reflection coefficient is shown in Fig. 2a .
With increasing horizontal slot length, there is a slight increase in impedance bandwidth, a shift in the resonance frequency towards the upwards and a slight reduction in reflection
coefficient. An optimum horizontal slot length of s l = 4 mm was chosen. 
Experimental Results and Discussions
To validate the proposed design, a prototype of the DRA antenna shown in Figure 1 with the optimized dimensions listed in Table 2 was fabricated and measured. The substrate parameters were ε rs = 4.5, with loss tangent = 0.017, and for the DRA ε rdr = 9.4. The fabricated antenna is shown in Figure 3 . GHz, that is 52.9% bandwidth. The bandwidth achieved is higher than the 21.5% reported in [9] , the 30% obtained in [12] , the 32% presented in [7] , while it is smaller than the 76%
IET Microw. Antennas Propag., 2015, pp. 1-9. ISSN 1751-8725; doi: 10.1049/iet-map.2015.0221 obtained in [6] . The differences between the measured and simulated results, seen in a shift to higher frequency and the general increase in S 11, can be attributed to the combined effects of the use of glue to fix the DRA and fabrication errors. Thus the addition of the two ceramic resonators has improved the reflection coefficient, and increased the impedance bandwidth. indicating that the feed/dipole structure is a weak radiator. Figure 5 also shows that the antenna gain without the DR's starts to peak up at frequency of 8.7GHz. For the data shown in Table 2 , it can be shown that the resonance frequency of the inverted-T slot is 8. were taken at two selected operating frequencies, 6.8 GHz and 11 GHz, at which the matching was optimal. Figure 6 depicts the simulated and measured radiation patterns at these frequencies. It is clear that the pattern has a quasi-omnidirectional shape, and maximum antenna radiation is in the positive y-direction. The distributions of the electric and magnetic fields for the optimized antenna at 6.8 GHz and 11 GHz were calculated using CST software and the results are shown in Figure 7 . It is observed that the magnetic and electric field lines are parallel to the DR base, i.e. they are transverse to the DR axis. This result validates the use of Equation 6 to predict the resonance frequency of the DRs. The variations of the electric field indicate that at 11 GHz the electric field is higher at the surface of the cylinder. This finding is supported by the fact that at 6.8
GHz there is no resonance in the DRs, Equation 6 predicting the lowest mode at 10.629 GHz.
However, at 11 GHz, the DRs are very near to the resonance frequency in the HEM 11δ dominant mode.
Adding a C-shaped Strip
The proposed antenna of Fig. 1 , was modified to increase its gain by adding a parasitic flipped C-shaped strip on the same side of the DRA with radius r c and width W c . The width of the substrate W s was also increased as shown in Figure 8 . The added strip can be considered to work as a guide to the transmitted wave leading to increased gain. The strip length is given Based on the detailed parametric studies of the flipped C-shaped strip parameters, the optimum geometry for the modified antenna was simulated, and then fabricated: Figure 10 shows a photograph of the implemented antenna. The antenna performance was measured using an HP8510C vector network analyser. The measured and simulated reflection coefficients of the proposed antenna with and without the added strip are shown in Figure   11 (a). The matching properties of the antenna were only slightly affected by the addition of the strip as this is relatively far from the DRs.
The measured and simulated gains, for the designs with and without the C-shaped strip, are shown in Figure 11 (b). It can be seen adding the strip has increased the antenna gain by about 2.25 dB at the lower half of the operation band, while there is marginal improvement in the upper half of the band. The C-shaped strip with a radius of 7 mm, width of 1 mm and a strip angle of 140 has an average physical length of 18.326 mm. This strip length can resonate at half wavelength as well as unity wavelength. For the substrate used, the two resonating modes are at 4.94 GHz and 9.87 GHz. However, the gain of the antenna will be affected by the two L-section dipoles as well as the C-shaped strip. Former results of Figure 5 show that the dipole has a peak gain at about 7 GHz and 8 GHz for the simulation and measured results.
The C-shaped strip has a resonance at a predicted frequency of 9.87 GHz. It should be noted here that the obtained gain is a result of the combined effects of many factors: the added strip, the two DRs, and the two arms of the inverted L-shaped lines that feed the two DRs. Another effect to be considered is the separation distance (y c ) between the active radiators (formed by the dipole and two DR's) and the parasitic radiator (C-strip). As Figure 9b shows, this separation can affect the gain by about 1 dB. The combined effect on the antenna has resulted in a maximum gain which shows peaking at lower frequencies, around 6.5 to 7 GHz for the CST results and 7.5 to 8 GHz for the measured results. 
Conclusion
A DRA consisting of balanced dual segment CDRs excited by two L-section feeding dipole is
proposed. The dipole is fed by a T-shaped slot that is aperture-coupled to a microstrip Lshaped feeding line. Parametric studies have been carried out to optimize the antenna design.
The designed antenna offered good impedance bandwidth from 6.4 GHz to 11.734 GHz (58.7% for S11 ≤ -10 dB), and also a maximum gain of 2.66 dB i at 7 GHz. Modifying the design, by adding a C-shaped strip and increasing the width of the substrate, resulted in a 2.24 dB increase in the maximum gain while maintaining nearly the same impedance bandwidth.
The measurements showed good agreement between simulated and measured results. The measured radiation patterns, and peak gains of the proposed antennas validate use of the proposed antennas for UWB applications. As the proposed antennas have three resonating elements, three formulas were derived to guide the design and to explain the performance.
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The formulas gave good agreement with the CST simulations and the measured experimental results.
